Abstract. This paper presents a sketch-based modeling system for creating objects that have internal structures. The user input consists of hand-drawn sketches and the system automatically generates a volumetric model. The volumetric representation solves any self-intersection problems and enables the creation of models with a variety of topological structures, such as a torus or a hollow sphere. To specify internal structures, our system allows the user to cut the model temporarily and apply modeling operations to the exposed face. In addition, the user can draw multiple contours in the Create or Sweep stages. Our system also allows automatic rotation of the model so that the user does not need to perform frequent manual rotations. Our system is much simpler to implement than a surface-oriented system because no complicated mesh editing code is required. We observed that novice users could quickly create a variety of objects using our system.
Introduction
Geometric modeling has been a major research area in computer graphics. While there has been much progress in rendering 3D models, creating 3D objects is still a challenging task. Recently, attention has focused on sketch-based modeling systems with which the user can quickly create 3D models using simple freehand strokes rather than by specifying precise parameters for geometric objects, such as spline curves, NURBS patches, and so forth [15, 6] . However, these systems are primarily designed for specifying the external appearance of 3D shapes, and it is still difficult to design freeform models with internal structures, such as internal organs. Specifically, the existing sketch-based freeform modeling system [6] can handle 3D models only with spherical topology. This paper introduces a modeling system that can design 3D models with complex internal structures, while maintaining the ease of use of existing sketch-based freeform modelers. We used a volumetric data structure to handle the dynamically changing topology efficiently. The volumetric model is converted to a polygonal surface and is displayed using a non-photorealistic rendering technique to facilitate creative exploration. Unlike previous systems, our system allows the user to draw nested contours to design models with internal structures. In addition, the user can cut the model temporarily and apply modeling operations to the exposed face to design internal structures. The underlying volumetric representation simplifies the implementation of such functions. Moreover, our system actively assists the user by automatically rotating the model when necessary.
The heart of our technique is automatic "guessing" of 3D geometry from 2D gestural input, and it is done by making certain assumptions about the target geometry. To be specific, the system assumes that the target geometry has a rotund, smooth (low curvature) surface [6] other than the places where the user explicitly defined the geometry by the input strokes. In other words, the user specifies the information about important features (silhouette, intersection, and sweep path) and the system supplies missing information based on the above assumption.
Our system is designed to facilitate the communication of complicated geometric information, such as surgical plans. Like other sketch-based modeling systems, however, our system is not suitable for creating the final output of any serious production, because of its lack of accuracy.
Previous Work
Three-dimensional shape modeling systems that use a volumetric data structure directly are relatively new [14, 4] as compared with other popular modeling primitives, such as polygons, NURBS, and subdivision surfaces. Recently, a scripting language [2], octree [11], subdivision volume [10] , and level set [1] have been used as volumetric modeling methodologies. Some systems use 3D haptic input devices [4, 3, 5, 10] .
Sketch-based modeling using standard mouse operations became popular in the past decade. Instead of creating precise, large-scale objects, a sketching interface provides an easy way to create a rough model to convey the user's idea quickly. One of the earliest sketching systems was Viking [12], which was designed in the context of prototypic CAD models. Later works include SKETCH [15] and Teddy [6] . The SKETCH system is intended to sketch a scene consisting of simple primitives, such as boxes and cones, while the Teddy system is designed to create rotund objects with spherical topology. Although improvements to the original Teddy system have recently been proposed [7] , extending the topological variety of creatable models is still an unsolved problem.
Although the user interface of our system is based on the Teddy system, our system is free from topological limitations, provides multiple interfaces for specifying internal structures, and actively assists the user by automatically rotating a model when necessary.
